Ageing is an unavoidable corollary to being alive; the most intuitive interpretation of ageing being that it is the consequence of progressive body degeneration. In agreement with this, current models propose that ageing occurs through a stepwise accumulation of DNA damage, which ultimately limits the regenerative capacity of tissues. On the other hand, there is increasing evidence that fetal distress can influence the development of disease in adult life, a phenomenon known as 'intrauterine programming'. The extent to which an intrauterine exposure to DNA damage can compromise lifespan remains unclear. My group has recently generated a murine model of a human syndrome linked to defective DNA repair and observed that these animals age prematurely, but the accumulation of DNA damage is restricted mostly to the embryonic period. Here, I discuss the implications of this finding and propose that ageing can be influenced by fetal distress.
A DNA-damage model of ageing DNA damage has long been known to be responsible for cancerinitiating mutations, as genomic lesions can alter specifically the function of individual genes, such as tumour suppressors or proto-oncogenes. In addition, the accumulation of DNA damage was recently suggested to be involved in the onset of ageing Lombard et al, 2005) . In agreement with this hypothesis, several reports have shown the existence of an activated DNA damage response in aged tissues or stem cells (SCs; Rossi et al, 2007; Sedelnikova et al, 2004) . Most importantly, mutations in DNA repair genes can accelerate ageing in mice and humans, strongly supporting this model (Schumacher et al, 2008) . A well-known example is that of Werner syndrome (MIM277700) patients, who age prematurely in their early years of life. The gene responsible for this disease was identified by positional cloning in 1996 (Yu et al, 1996) , after many years of search. It was found to be RECQL2-also known as WRN-a DNA helicase that is now known to be involved in maintaining DNA integrity (Ozgenc & Loeb, 2005) . The DNA-damage-based theory is consistent with our innate understanding of the ageing process, which is that ageing arises through a stepwise accumulation of damaged tissues. However, the model restricts the vague idea of cellular damage to the accumulation of lesions that specifically harm DNA.
But how does DNA damage lead to ageing? One possibility is through the stochastic accumulation of mutations in vital genes. However, current evidence supports an alternative view in which the main effect of DNA damage in the context of ageing is linked to the activation of cell-cycle checkpoints. In such a scenario, when the load of DNA damage rises above a certain threshold, damaged cells will either be eliminated or have their growth suppressed. If such a response is activated on SCs, it has a direct consequence in tissue regeneration, limiting the turnover of deficient tissues and ultimately leading to ageing (Rossi et al, 2008) . Accordingly, DNA damage has been shown to accumulate in aged haematopoietic SCs, limiting their regenerative capacity (Rossi et al, 2007) .
Protecting against DNA damage
We are constantly exposed to DNA damage, induced both by exogenous sources-which we can try to avoid-such as ultraviolet radiation, but also unavoidably by our own metabolism; for example, through the generation of ROS, which arise as by-products of mitochondrial activity. This is unfortunate in the light of the model of ageing described above. However, cells are not left alone in this continuous battle. To preserve the integrity of their genomes, living organisms have evolved a plethora of molecules, which range from ligases that join broken ends, to proteins that restrict cell growth in the presence of DNA damage. Much of the recent work on genomic integrity has focused on analysing a signalling network known as the DNA damage response (DDR; Harper & Elledge, 2007) . Arguably, the main initiators of this pathway are two members of the PIKK kinase family: ATM and ATR (Shiloh, 2003) . The main role of this cascade is to stimulate DNA repair while limiting the expansion of damaged cells, either by arresting their growth or by inducing apoptosis. Not surprisingly, mutations in ATM or ATR lead to severe human diseases known as ataxia telangiectasia (MIM208900) and Seckel syndrome (MIM210600), respectively, which show accelerated ageing among other phenotypes.
The available mouse models of genomic instability syndromes often recapitulate many of the symptoms observed in the human patients, such as the development of cancer, immuno deficiencies, neurodegeneration and progeria. In this regard, the viability of ATM-deficient mice has allowed numerous genetic studies of the DDR in the past decade (Barlow et al, 1996; Xu & Baltimore, 1996;  Yu et al, 1996) . By contrast, the essential nature of ATR has significantly limited research on the physiological roles of this kinase (Brown & Baltimore, 2000; de Klein et al, 2000) . However, although a complete elimination of ATR is incompatible with life, a splicing mutation that produces extremely low levels of ATR was found to cause Seckel syndrome in a subset of patients (O'Driscoll et al, 2003) . On the basis of this information, my group has recently generated a mouse model of ATR-Seckel (Murga et al, 2009) . As could perhaps be anticipated, ATR-Seckel mice also develop a progeroid syndrome, but analysis of its causes revealed an unexpected twist.
Embryonic DNA damage and ageing in Seckel mice
Our murine model of Seckel recapitulated all of the symptoms described in patients, including the characteristic 'bird-headed dwarfism', after which the disease was named (Seckel, 1960) . Two months after birth, several-but not all-tissues of the Seckel mice showed anomalies that are associated with normal ageing, including osteoporosis, accumulation of fat in the bone marrow, thinning of the skin and kyphosis. Mutant animals succumb to this segmental progeroid syndrome after less than six months of age. Notably, evidence of premature ageing has also been described in human patients (Arnold et al, 1999; Boscherini et al, 1981; Butler et al, 1987; Fathizadeh et al, 1979) . Surprisingly, we could find almost no evidence of DNA damage in adult tissues of Seckel mice. This is in marked contrast to all of the previously published progeroid models, in which DNA damage gradually accumulates after birth (Lombard et al, 2005; Rossi et al, 2007) . Thus, adult ATR-Seckel organs were ageing in the absence of overt signs of DNA damage. How could these potentially conflicting observations be reconciled?
The fact that Seckel mice were born smaller than wild-type mice was crucial to solving this puzzle. We reasoned that, even if adult organs did not show contemporaneous DNA damage, they could perhaps have been exposed to it at a previous stage. Indeed, Seckel embryos present a generalized accumulation of DNA damage in all tissues. Notably, the main effect of prenatal exposure to DNA damage is a decreased head size (Murphy, 1928) , and perhaps the most notorious phenotype of Seckel mice and patients is a severe microcephaly. Hence, one possible interpretation of the Seckel phenotype is that the DNA damage to which mutant cells are exposed during embryonic development has a lasting effect that is manifested later in life.
To understand why limited ATR activity is particularly detrimental for embryonic stages, one must understand the type of damage to which this kinase responds. In contrast to ATM-which is activated exclusively by DNA double-stranded breaks-ATR responds to chromosomal breaks and to the still poorly defined type of damage known as 'replicative stress' (Cimprich & Cortez, 2008) . At the molecular level, Replicative stress is associated with the generation of single-stranded DNA stretches and abnormal replicative structures at sites where replication forks stall. In other words, the amount of Replicative stress is directly proportional to replication rates. As such, it is not surprising that protection against Replicative stress is particularly important during development. After all, organisms never replicate faster or more frequently than during embryonic development.
Acceleration of ageing through the loss of p53
The fact that the DNA damage generated in Seckel embryos was linked to replication helped us to understand another unexpected outcome of our study that has important cancer-related implications.
The tumour suppressor p53 is a crucial effector in eliciting cell ular responses to DNA damage. It is therefore not surprising that the absence of p53 has been shown to alleviate ageing phenotypes in several progeroid models (Rodier et al, 2007) . In agreement with the presence of DNA damage, p53 accumulation was also widespread on Seckel embryos. However-in notable contrast to other available models-p53 deficiency in Seckel mice exacerbated the ageing phenotype to the point that few double-mutant animals were even born. This was the first example of accelerated ageing due to the loss of p53. Similar synthetic lethal effects of ATR and p53 have also been reported with a conditional allele of ATR (Ruzankina et al, 2009) , the explanation for which lies in the replicative nature of the damage: in the absence of p53, increased replication rates lead to even higher amounts of Replicative stress, which are able to activate apoptosis independently of p53.
Beyond its importance in the context of Seckel syndrome, the synthetic lethal effects of the loss of p53 and ATR are of obvious relevance in cancer. Furthermore, if the model postulated here is correct, this implies that the loss of ATR should not only be synthetically lethal with the loss of tumour suppressors, but also with the activation of oncogenes that boost replication. In other words, an ATR inhibitor might be particularly toxic for cells bearing carcinogenic mutations. This hypothesis also implies that diminishing the intrauterine replication rate might be sufficient to alleviate the adult phenotypes associated to Seckel syndrome. My group is actively exploring these two possibilities.
Perhaps the main conceptual implication of these results is that mammals can succumb to a progeroid disease even if its causein this case DNA damage-occurs during embryonic development. This led us to propose that prenatal exposure to DNA damage can determine the onset of ageing later in life (Fig 1) .
Intrauterine programming
Human epidemiological studies were the first to reveal that impaired intrauterine growth could be associated with a later onset of disease (Barker, 1994 ). This phenomenon is now known as 'intrauterine programming' and has been associated particularly with metabolic disorders such as diabetes, but also linked to early menopause and reviews concept symptoms associated frequently with old age, such as cardio vascular problems and osteoporosis (Fowden et al, 2006) . Importantly, these correlations between fetal distress and adult disease were found to exist independently of the level of obesity or exercise in the adult (Barker, 1994; Gluckman & Hanson, 2005) . Given the inherent difficulties of assessing embryonic stress in humans, these studies are essentially based in the evaluation of statistical correlations between a given disease and birth weights. Much of the research has centred on the effects of nutritional deficits during gestation, known as 'nutritional programming'. In this context, the shortage of key metabolites or hormones is thought to be responsible for the poor development of specific cell types, which will only be manifested in adulthood. Recent epidemiological studies have shown that Muslim women who observe the one-month fast of Ramadan early in their pregnancy are more likely to have children with low birth weights and mental-mainly learning-disabilities (Almond & Mazumder, 2008) . Nutritional intrauterine programming has been studied particularly in the case of metabolic diseases, such as diabetes (Wolf, 2003) . The effect of poor nutrition during gestation on overall lifespan has also been explored in model organisms, including mice. Interestingly, although calorie restriction is known to extend lifespan in various organisms (Koubova & Guarente, 2003) , it reduces the life expectancy of the descendants by up to 30% (Ozanne & Hales, 2004 ) when applied to pregnant mice.
The effect of other types of stress on the intrauterine programming of adult diseases has not been studied in depth. Needless to say, the effects of prenatal exposure to DNA damage are largely unexplored in humans. Most of the available data comes from studying the side effects of nuclear accidents or from the survivors of the atomic bombs dropped over Hiroshima and Nagasaki that were in utero at the time of radiation exposure (Otake & Schull, 1998) . As mentioned, the main effect was on brain size, which is also significantly reduced in Seckel patients and mice. However, no human study has focused on the longitudinal effect of prenatal exposure to DNA damage on ageing. Some work on the prenatal effects of DNA-damaging drugs has been done in model organisms, but these studies evaluated mostly the teratological effects of compounds used for cancer treatment-such as congenital abnorm alities-and failed to explore the long-term effects of drug exposure. Notably, most of the anomalies that were observed on an intrauterine exposure of rats to hydroxyureaa potent Replicative stress-inducing agent-were head malformations, which, as mentioned above, are a characteristic of Seckel syndrome (Chaube & Murphy, 1966) . It should be kept in mind that these studies focused on the effects of an acute prenatal exposure to DNA damage; a more persistent stress would probably have more lasting effects. Taking all the available data into consideration, I propose to include ageing in the list of processes that can be modulated by intrauterine programming.
How could ageing be programmed in utero?
In this section, I discuss two possible mechanisms of programming ageing during development: SC dysfunction and epigenetic alterations (Fig 2) .
Ageing arises with the exhaustion of SC pools, with respect to both the amount of SCs and, importantly, SC functionality (Rossi et al, 2008) . Hence, one explanation for the prenatal effect on ageing could be that the stress to which the embryos are exposed limits SC function, thereby also limiting the regenerative capacity of the Fig 2 | Proposed mechanisms to explain an intrauterine contribution to ageing. First, stem cell (SC) pools or their niches can be compromised during development, leading to a permanent limitation on the capacity of the tissues to regenerate in adult life. Second, the epigenome of embryonic cells can be altered by stress signals, which might permanently alter their transcriptome in both a stochastic and a programmed manner (that is, by dampening the IGF1/GHR axis, which is a charcateristic of ageing tissues). Moreover, the altered epigenetic landscape might have a lasting effect that renders chromatin more susceptible to breakage. GHR, growth hormone receptor; IGF1, insulin-like growth factor 1.
reviews concept tissues of the offspring. In this manner, the path to ageing would be shortened ab initio. The stress could directly affect the SCs, SC niches or both. In the particular case of replicative damage, it is probable that the niches would be the affected target, rather than the SCs, owing to the low cycling activity of SCs-a feature which is frequently used as a characteristic to identify them in vivo (Fuchs, 2009) . Accordingly, the bone marrow of Seckel animals can reconstitute the haematopoietic pool of irradiated wild-type animals to a large extent, whereas the opposite is not true. This means that there is an inherent dysfunction of the Seckel haemato poietic SC niche, which does not support proper SC function. In summary, I suggest that the intrauterine programming of ageing in the context of Seckel syndrome might be, in part, a consequence of the mutant animals being born with poor SC niches, thereby compromising SC function for the rest of their lives. Alternatively-or concomitantly-epigenetic changes that modulate gene expression could provide another explanation for the long-term effects of embryonic stress. Recent results have shown that aged tissues and tissues from progeroid animals present a specific transcriptional signature (Schumacher et al, 2008) , which is characterized by inducing a dampening of the metabolic activity. This transcriptional state has been suggested to change the activity of the cells from a growth to a maintenance mode, allowing for an extension of life under conditions of stress. Importantly, exposing mice to sublethal doses of DNA damaging agents has been shown to trigger the same response (Niedernhofer et al, 2006) , which reinforces the possibility that DNA damage is the cause of ageing. Interestingly, such a transcriptional signature is also observed in adult Seckel tissues, but in the absence of any concomitant DNA damage. Hence, this would be a case of a transcriptional output without its corresponding input. One possibility to explain this phenomenon is to consider it a case of "transcriptional memory" (Francis & Kingston, 2001 ): the DNA damage to which the tissues were exposed during development would have permanently altered the expression of ageing-related genes by the induction of epigenetic changes on their promoters. This response would then become independent of the original input-DNA damage-and remain active for the rest of the life of the mutant animals.
The link between epigenetics and ageing is not new. For example, overall DNA methylation levels were shown to decrease during normal ageing more than two decades ago (Wilson & Jones, 1983) . A broader study recently revealed that the epigenetic landscape of histone and DNA modifications is significantly altered during the life of monozygotic twins (Fraga et al, 2005) . One of the discoveries that attracted most attention in this regard is the role of sirtuins in regulating longevity (Finkel et al, 2009) . The overexpression of sirtuinswhich belong to a family of histone deacetylases-has been shown to extend lifespan in various organisms. Conversely, the elimination of sirtuin 2 in mice leads to progeria. However, the way in which sirtuins regulate longevity remains unknown. One possibility is that sirtuins have an active role in DNA repair, again linking their role in ageing to DNA damage. Yet, recent evidence has shown that sirtuins also coordinate the transcriptional response associated with ageing (Oberdoerffer et al, 2008) . Finally, it is also possible that the chromatin changes associated with ageing not only affect gene expression, but also render DNA more susceptible to damage (Pegoraro et al, 2009) . In summary, the epigenetic alterations that are established during embryogenesis could also contribute to the intrauterine programming of adult disease.
Conclusions
I propose that ageing can be influenced by intrauterine stress. This effect could be linked mechanistically to epigenetic changes initiated in utero, a permanent alteration of SCs and/or SC niches, or a combination of both. The implications of this concept are enormous. If something is programmed, it follows that it could be deprogrammed. If the ageing-linked chromatin modifications were known, one could try to erase them in adult animals as a means to promote longevity. In addition, this hypothesis raises the possibility of exploring life-extending approaches by altering the conditions during gestation. Future research will hopefully resolve the validity of these ideas (Sidebar A). Concepts aside, now that ageing studies have come to the forefront of biomedical research and ageing is sometimes considered as a pathological process, I would want to end by saying that healthy ageing should never be understood as a disease; as Mark Twain reportedly said, "Age is an issue of mind over matter. If you don't mind, it doesn't matter". 
